Introduction
Laser holographic interferometry applies coherent light to extract the 3D surface profile of objects for sub-m level precision measurement. This method, originally invented by Leith and Upatnieks ͓1-3͔ and Stetson and Powell ͓4͔, has been developed for quality control and process diagnosis of shape and dimension and for strain and deformation analysis ͓5,6͔. The object is illuminated and viewed from the same direction. Therefore, it does not have the shadowing ͑the object cannot be illuminated but is visible to the sensor͒ or occlusion ͑object is illuminated but invisible to the sensor͒ problems as in the triangulation-based optical measurements. The most significant advantage of the laser holographic interferometry method is the combination of sub-m accuracy and large depth of field. A state-of-the-art laser holographic interferometry measurement machine, Coherix Model Shapix 1000, has a depth of field over several centimeters and sub-m accuracy for a 300 mmϫ 300 mm FOV ͓7͔.
For precision measurement of large size objects, such as the internal combustion engine head combustion deck surfaces and the automatic transmission valve bodies, the limited size of the FOV is a constraint in the current laser holographic measurement machine. Increasing the dimensions of optical mirrors in the machine to enlarge the measurement FOV is possible but cost prohibited. The goal of this research is to develop a hologram registration method as a more practical alternative to enable the laser holographic interferometry measurement of objects larger than the FOV.
Several 3D image registration methods have been developed. VanderLugt ͓8͔ and Kim et al. ͓9,10͔ applied the 3D pattern recognition, Dias et al. ͓11͔ fused the range and intensity data of the image, and Hsu et al. ͓12,13͔ extracted and matched the edge and surface features for image registration. However, the hologram registration method is still lacking.
This study develops a hologram registration method to enable laser holographic interferometry for the precision measurement of large size objects without using externally placed targets. In Sec. 2, the principle of laser holographic interferometry is described. The mathematical procedures for hologram registration are discussed in Sec. 3. In Sec. 4, the accuracy of hologram registration is evaluated using two examples and this method is validated.
Laser Holographic Interferometry
Coherent light is generated in the laser holographic interferometry to create the hologram of a measurement object. The height of the measurement object is extracted by the phase-shifting and multiwavelength tuning techniques.
The setup of a laser holographic measurement system is shown in Fig. 1͑a͒ . The optical measurement unit generates the laser beam for measurement and acquires the hologram for computation. The optical measurement unit and object are both placed on a granite plate to ensure the thermal and mechanical stability. An off-axis parabolic mirror is located on the top of the machine to enlarge the measurement area. The mirror collimates the carrier beam c from the optical measurement unit to the object. The laser beam reflected from the object carries the surface height information and reflects by the parabolic mirror back to the optical measurement unit for processing.
The setup of the Twyman-Green interferometer ͓14͔ inside the optical measurement unit is shown in Fig. 1͑b͒ . The laser beam from a tunable laser source is split by the beamsplitter into two coherent laser beams: the reference beam r and carrier beam c . The reference beam r is reflected by a reference mirror, which is moved to apply the phase-shifting for measurement. The carrier beam c , redirected by a mirror, is enlarged by a beam expander and directed to the parabolic mirror and object.
In this research, the carrier beam after collimation by the parabolic mirror is 300 mmϫ 300 mm in size, which is the FOV of the measurement system. Two reflected beams, r reflected from the reference mirror and c reflected from the object, interfere with each other after traveling through the beam splitter again and generate the hologram in the charged-coupled device ͑CCD͒ camera. The Fourier transform method ͓14,15͔ is applied to analyze the hologram to extract the 3D surface profile of the object.
The reference and carrier laser beams are both light waves, which are functions of the 3D spatial coordinates x, y, and z and the time t. The reference beam r is expressed as
where U r is the amplitude, r is the phase, is the frequency, and t is time.
The reference beam r is a plane wave, i.e., phase r is a constant across any plane perpendicular to the wave propagation direction. The carrier beam c reflected from the object surface has the phase c modulated by the height of the object. The modulated carrier beam is expressed by
where U c is the amplitude of the carrier beam c . Two techniques, phase-shifting and multi-wavelength tuning, are applied to measure the height of an object surface.
2.1 Phase-Shifting. The CCD camera can only measure the intensity of the light beam. The phase-shifting technology is applied to convert the intensity on each pixel into the height of the corresponding point on the object surface. The light intensity I is defined as the squared amplitude of the light wave, i.e., I = U 2 . The light intensities of reference beam r and carrier beam c are I r ͑=U r 2 ͒ and I c ͑=U c 2 ͒, respectively. The light intensity I generated by the two interfering beams r and c is ͓14͔
where ␥ is a measure of the ability of two waves to interfere ͓14͔, 0 Ͻ ␥ Ͻ 1, and ⌬ = r − c is the phase difference.
The phase difference ⌬ ranges from − to and can be linearly mapped to the height measurement ranging from −1 / 4 wavelength to 1 / 4 wavelength. To solve ⌬, the phase-shifting technique ͓16͔ is applied by moving the reference mirror ͑shown in Fig. 1͑b͒͒ with small incremental steps. Moving the reference mirror introduces a phase shift ␣ and Eq. ͑3͒ can be rearranged as
where m = I r + I c , n =2 ͱ I r I c ␥, and ␣ is the given phase shift.
When the phase of the reference beam is shifted by three given values ␣ 1 , ␣ 2 , and ␣ 3 , three light intensities I k = m + n cos͑⌬ + ␣ k ͒ ͑k = 1, 2, and 3͒ can be measured. The phase difference ⌬, which corresponds to height, on each pixel is ͓14͔
In practice, more than three phase shifts, which introduce a set of overdetermined equations, are applied to obtain a more numerically stable solution. The least square method ͓14͔ has been derived to solve ⌬ of a set of overdetermined equations. In this research, four or five 100 nm incremental movements are utilized to generate the phase shift.
Multiwavelength Tuning.
To increase the range of height measurement, the multiwavelength laser source, so called tunable laser, is applied. If the single wavelength laser source is used, the overall height range of all the pixels in the CCD camera must be smaller than 1 / 2 of the laser wavelength. This limits the range of height measurements. The use of multiwavelength tuning can overcome this obstacle.
The multiwavelength laser can be generated using a laser-cavity design ͓17͔. The laser beam in the cavity strikes a diffraction grating at near grazing incidence, i.e., an incidence angle near 90 deg. The laser diffracts off the grating at different diffraction angles with different wavelengths. Each diffraction angle corresponds to a specific wavelength. In this study, a tunable diode laser is used to generate infrared wavelengths ranging over about a 20 nm interval. During measurement, the laser is tuned to a series of equal wavelength steps.
In holographic interferometry, the concept of reference point is applied to improve the measurement accuracy and reduce the adverse effect caused by mechanical vibration from the surrounding environment. A reference point is arbitrarily selected in the measurement region. The phase of the reference point is designated as 0 by shifting the phase of all measurement points by a constant value. The height h and phase difference ⌬ of all other points are calculated relative to the reference point.
The height h is extracted by tuning the wavelength of the laser source and calculating the change of the phase difference ⌬ for each point ͓18͔. If the wavelength 1 is used, the phase difference is ⌬ 1 , then ⌬ 1 =4h / 1 . If the wavelength is changed to 2 , the phase difference is ⌬ 2 =4h / 2 . The height h can be solved by combining the two relations as below:
shows that the height measurement range depends on the wavelength tuning step ͑ 2 − 1 ͒. A smaller wavelength tuning step generates a larger height measurement range. In practical holographic measurement, more than two wave- lengths are used to achieve a more robust solution. In this study, 16 wavelengths, marked as 1 to 16 were applied. During the time interval, 4 or more phase shifts are conducted to calculate ⌬ for each wavelength. The change of wavelengths occurs at a constant rate with period ⌬t and a constant tuning step ⌬ ͑⌬ = 2 − 1 = 3 − 2 =¯= 16 − 15 ͒. At each wavelength, only the calculated phase difference ⌬ was selected as the angle of a complex number with unit magnitude. As the wavelength changes, the complex number rotates around the origin of the complex plane at the frequency f s ͓19͔. The Fourier transform analysis of the 16 complex values at 16 wavelengths generates a peak at f s in the frequency domain. The height h can be expressed as ͓19͔
where ␤ is a constant which determines the wavelength tuning speed, i.e., ⌬ ͑=␤⌬t͒. The wavelength 1 and the constant ␤ are known parameters. The height h on each point can be solved using Eq. ͑7͒ with the identified f s . The 3D surface profile is extracted from the measured hologram using the method described above. The height measurement calibration and the median filtering ͓20͔ are applied to reduce the noise.
Hologram Registration
The hologram registration method is developed to enable the laser holographic interferometry for measuring objects larger than the FOV. Traditionally, targets have been used for image registration in 3D optical measurement ͓21,22͔. The approach proposed in this study eliminates the use of targets and simplifies the measurement procedure for image registration.
The procedures to register two holographic measurements are shown in Fig. 2 . The FOV contains W rows and W columns of measurement points, which correspond to pixels in the CCD camera. The distance between adjacent rows or columns of points in FOV is p. The size of the FOV is pW ϫ pW, as illustrated in Fig.  2͑a͒ . Mathematically, the measured data in FOV is represented by a W ϫ W matrix. Each element in the matrix is a complex number. The magnitude and angle of the complex number represent the light intensity I and the phase difference ⌬, respectively, of a measurement point in the FOV.
The length of the measurement object is larger than the width pW of the FOV, as shown in Fig. 2 . Two measurements, marked as measurement A in Fig. 2͑a͒ and measurement B in Fig. 2͑b͒ , are conducted. An overlapped region exists between the measurements A and B.
A procedure called masking is applied to extract the region of the measurement object in FOV for data analysis. The measurement object in Fig. 2 is a rectangle with three holes. The masking procedure eliminates the data points outside the measurement object area. The region after masking, called the unmasked region, is marked by hatched lines in Fig. 2 . The unmasked region can have an arbitrary shape. A rectangle shape to enclose the whole unmasked region, called the rectangle unmasked region, is selected for mathematical representation and processing of the region by matrices. For example, as shown in Fig. 2͑a͒ for measurement A, the dimension of the rectangle unmasked region is pN A ϫ pM A . Two matrices associated with the rectangle unmasked region are the intensity matrix I A and phase matrix ⌬ A , which represent the array of measured intensities and calculated phase differences, respectively. Both matrices have the dimension N A ϫ M A . These two matrices are extracted from the measurement data in the FOV. Similarly, measurement B after masking has the rectangle unmasked region, as illustrated by the hatched region as shown in Fig. 2͑b͒ , with physical dimension of pN B ϫ pM B . The intensity matrix I B and phase matrix ⌬ B , both with the dimension of N B ϫ M B , are extracted to represent the measurement.
The correlation analysis, to be discussed in Sec. 3.1, is used to calculate the translation to match the two measurements and find the overlapped region.
Translation.
Translation is the lateral movement in the x and y directions between the two measurements of the same measurement object. The lateral translation is determined by the location of the correlation peak in the cross-correlation matrix C of two intensity matrices I A and I B .
The direct normalized method ͓23͔ is utilized to calculate the cross-correlation matrix C, which has the dimension of
where is the cross-correlation operator. Each element of the matrix C is expressed by where u and v are the lateral shift coordinates, ranging from 1 to N A + N B − 1 and from 1 to M A + M B − 1, respectively, i and j are the integers indicating location ͑i , j͒ of each element in the matrix, and Ī A and Ī B are the means of I A and I B , respectively. The correlation peak is the maximum value in the crosscorrelation matrix C. If the correlation peak is located at ͑N p , M p ͒, the lateral translation in pixels of measurement A relative to measurement B is
The lateral translation identified from the procedures described above has the resolution of pixel spacing. Subpixel spacing resolution is possible by using interpolated pixel data. The interpolation does enlarge the dimensions of the cross-correlation matrix and increase the computation time.
A rectangular overlapped region exists between measurements A and B. This is illustrated by the overlapped regions AЈ and BЈ in measurements A and B, as shown by the bold dashed line in Figs 
Tilt and Shift Correction.
Tilting and shifting are adjustments used to make two planes match in the 3D space. Tilt are represented by two angles, relative to the x and y axes, of the difference between the normal vectors of the two planes. Tilt one plane relative to the other and the two planes can be made parallel. Shift is the translation along the z axis after the tilt correction to make two parallel planes match in space.
The measured data points on the overlapped regions do not necessarily form a plane in practical applications. However, because the overlapped regions are the same portion of the object surface in two separate measurements, the difference between phases of measured data points on two overlapped regions should follow the trend of a plane. By least square fitting this plane, the tilt and shift corrections can be calculated.
The ⌬ A Ј ͑i , j͒ and ⌬ B Ј ͑i , j͒ are the phases of the pixel in ⌬ A Ј and ⌬ B Ј with the lateral location ͑i , j͒ in the overlapped regions AЈ and BЈ, respectively. Define ⌬ D ͑i , j͒ as the unmasked overlapped phase difference which equals ⌬ B Ј ͑i , j͒ − ⌬ A Ј ͑i , j͒, where ͑i , j͒ = ͑i 1 , j 1 ͒, ͑i 2 , j 2 ͒ , . . . ,͑i n , j n ͒, and n is the total number of unmasked pixels in the overlapped region. Collect all the unmasked pixels in ⌬ D ͑i , j͒ and construct a matrix L,
Record all the phases of the corresponding unmasked pixels and construct a vector P,
Least square fit a plane to ⌬ D , defined by ⌬ D ͑i , j͒ = ai + bj + c. The coefficients a, b, and c are determined by
The coefficients a and b relate to the tilt about y and x axes, respectively, of measurement B relative to measurement A. The coefficient c determines the relative shift of measurement B relative to measurement A in the z axis.
Once the coefficients, a, b, and c are obtained, the phase ⌬ B ͑i , j͒ of the whole measurement region in measurement B is corrected by where ⌬ B c ͑i , j͒ is the tilt-corrected phase of ⌬ B ͑i , j͒. In summary, to register two holograms shown in Fig. 2 , the unmasked measurements A and B are first identified. Using the cross-correlation analysis, the translation is calculated and the rectangular overlapped regions AЈ and BЈ are marked. The phase matrices of two overlapped regions are used to find the tilt and shift between measurements A and B and complete the data registration.
Accuracy Evaluation of Hologram Registration
Two examples using different approaches are applied to evaluate the accuracy of proposed hologram registration method. The first approach uses a measurement object which is small and fits in the FOV. The object can be accurately measured to create a standard height measurement h s ͑i , j͒. The same object is then measured twice on two sides with an overlapped region in between. The proposed method is applied to calculate the registered height measurement h m ͑i , j͒. The accuracy of registration method is quantified by comparing h s ͑i , j͒ to h m ͑i , j͒. A wheel hub is used as the example I.
The other approach uses a measurement object larger than the FOV. The CMM measurement of the whole measurement object is used as the standard measurement h s ͑i , j͒. It is compared to the registered measurement h m ͑i , j͒. An engine combustion deck surface is used as the example II.
Accuracy Evaluation Procedures.
Two parameters, the root mean squared ͑RMS͒ error e rms of the difference between the h s ͑i , j͒ and h m ͑i , j͒ and the surface flatness, are used to evaluate the accuracy of the hologram registration method.
To compare h s ͑i , j͒ and h m ͑i , j͒, a linear transformation is required to tilt and shift the h m ͑i , j͒ relative to h s ͑i , j͒ before calculating e rms . Since the measurement system in this study only delivers the relative height measurement, this linear transformation is required. Let F s ͑i , j͒ = a s i + b s j + c s and F m ͑i , j͒ = a m i + b m j + c m be the least square fitted planes of h s ͑i , j͒ and h m ͑i , j͒, respectively. The linear transformation of h m ͑i , j͒ can be expressed as
The RMS error e rms is
where d is the total number of all unmasked pixels. The surface flatness is also used as an index to evaluate the accuracy. Two flatness definitions are used in this study. One is 6 flatness, which is equal to six times the standard deviation of measured points from the least square fitted plane ͓24͔. This definition suppresses the spike noise contribution to the flatness. The other is the maximum peak to valley from the least square fitted plane. This is called the peak-to-valley flatness. Fig. 3 , a wheel hub, which is small to fit the FOV, is used as a measurement object to evaluate the accuracy of the hologram registration method. Five bolts were assembled to the wheel hub to transmit power to the wheel. These bolts after being assembled may alter the original hub surface flatness and need to be inspected. The laser holographic interferometry is a unique method to measure the surface flatness of the hub with the assembled bolts. The diameter of the hub, as shown in Fig. 3͑b͒ , is about 150 mm.
Example I: Wheel Hub. As shown in
The intensities and phases for each measurement are shown in Fig. 4 . The solid black regions in Figs. 4͑a͒ and 4͑b͒ are masked and excluded for height measurement. The intensity matrices I A and I B have the dimension of 649ϫ 964 and 615ϫ 964 pixels, respectively.
The cross-correlation matrix C of I A and I B is represented in Fig. 5 . The dimension of C is 1297ϫ 1927 pixels. The location of the correlation peak is identified at ͑301, 964͒. This indicates that the measurement matrix A should translate 301− 649= −348 pixels in the +x direction and 964− 964= 0 pixels in the +y direction to make the strongest match with the measurement matrix B. With this translational movement, the overlapped regions AЈ and BЈ can be chosen from measurements A and B, respectively.
The hologram phase ⌬ A Ј and ⌬ B Ј of the overlapped regions AЈ and BЈ, respectively, are shown in Fig. 4͑b͒ in dashed rectangles. The reference point is marked with a plus sign. The dimension N A Ј ϫ M A Ј of the overlapped regions is 300 ϫ 964 pixels. The relative tilt and shift parameters ͓a , b , c͔, defined in Eq. ͑12͒, are ͓−1.0ϫ 10 −4 rad/ pixel, 1.2 ϫ 10 −5 rad/ pixel, 1.23ϫ 10 −2 rad͔. Correct the relative tilt using Eq. ͑13͒ and register two holograms. The phase and intensity of the registered hologram are shown in Fig. 6 . A clear separation lines between two measurements can be observed in the registered intensity, as shown in Fig. 6͑b͒ . This is because the intensity of the measurements A and B are connected without any correction. This does not affect the height measurement, which is calculated from the registered phase, as shown in Fig. 6͑a͒ .
There is a dent on the hub surface, which is marked in Fig. 3͑b͒ and shown in close-up view in Fig. 3͑c͒ . Because this dent is more than 9 pixels in the image, this cannot be eliminated by 9 point median filtering. The 6 surface flatness definition is applied to suppress the effect of this dent on the surface flatness measurement results.
Interpolation is applied to achieve subpixel resolution for the hologram registration. First, the lateral cross-correlation process, defined in Eq. ͑9͒, is interpolated. For example, one point linear interpolation is utilized in the 300ϫ 964 pixels overlapped region. The lateral translation is the same after processing. For higher subpixel resolution, two or more points can be linear interpolated.
The registered height measurement h m ͑i , j͒ is shown in Fig.  7͑a͒ . The standard measurement h s ͑i , j͒, as shown in Fig. 7͑b͒ , is obtained in a single holographic interferometry measurement of the wheel hub, which is small to fit in the FOV. The 6 flatness of h s ͑i , j͒ and h m ͑i , j͒ is 25.3 and 25.2 m. The gauge repeatability ͑1͒ of the system is evaluated as 0.3 m. Compared to this The difference between h s ͑i , j͒ and h m ͑i , j͒ is presented in Fig.  8 . The RMS value e rms is 0.4 m. This further proves the accuracy of proposed hologram registration method.
The effect of the area of the overlapped region was also evaluated. As shown in Fig. 9 , hologram registration with 10%, 25%, and 40% of the overlapped versus total measurement area were conducted with the corresponding e rms of 0.9, 0.5, and 0.4 m, respectively. As the area of the overlapped region increases, the error introduced by the registration method decreases. The increase of overlapped region from 10 to 25% reduces the e rms by 0.4 m. The same 15% increase of overlapped region from 25 to 40% only reduces the e rms by 0.1 m. Also, when the area of the overlapped region is larger than 40%, the error e rms is approaching the 0.3 m system error. It is expected that increasing the overlapped region beyond 40% will not reduce e rms significantly.
Example II: Engine Head Combustion Deck Surface.
As shown in Fig. 10 , an engine head combustion deck surface has a large, 420ϫ 180 mm, measurement area. Two measurements, marked as measurements A and B in Fig. 10 , were conducted. The translation of the measurement object was achieved by moving it with the side datum surface of the measurement object in contact with a straight reference bar in the machine. The intensity matrices I A and I B have dimensions of 948ϫ 584 and 889 ϫ 599 pixels, respectively. Following the cross-correlation procedure, the overlapped region with the size of 598ϫ 458 pixels is identified. The relative tilt and phase shift parameters ͓a , b , c͔, defined in Eq. ͑12͒, are ͓4.5ϫ 10 −4 rad/ pixel, 3.1 ϫ 10 −3 rad/ pixel, −0.5 rad͔. The tilt and phase shift are corrected using Eq. ͑13͒ and the two measurements are registered as a 1378ϫ 599 matrix.
The 3D profile of the registered surface is shown in Fig. 11͑a͒ . In comparison, the same surface was measured by a Zeiss Model UPMC 850 CMM with a scanning probe. The CMM measurement, which covers only a small portion of the surface, is shown in Fig. 11͑b͒ .
The peak-to-valley flatness definition is applied for evaluation because the surface area measured by CMM and laser holographic interferometry is significantly different. Under such condition, the standard deviation does not provide a comparable representation of measurement results. The peak-to-valley flatness of the CMM and registered laser holographic measurement are 149.7 and 153.5 m, respectively. This close comparison, 2.5% discrepancy, further verifies that the developed hologram registration method is feasible for the precision measurement of large components.
Concluding Remarks
This research developed a hologram registration method for the laser holographic interferometry to measure the 3D profile of objects larger than the FOV. Two examples were used to validate the registration method using two different approaches. The first example, a wheel hub, was smaller than the FOV and enabled the use of holographic interferometry to create the standard measurement for the accuracy evaluation of hologram registration. The second example, an engine head combustion deck surface, was larger than the FOV and a CMM was used to create the standard measurement. The e rms was 0.4 m for the wheel hub ͑example I͒ and peak-to-valley flatness difference was about 4 m for the engine head combustion deck surface ͑example II͒. The feasibility of the proposed hologram registration method was demonstrated.
The unique feature of proposed registration method is the elimination of using target for data registration. This could simplify the measurement procedure and reduce the time. Several research investigations can follow this study. The robustness of the proposed registration method with more complex surface geometric shapes than examples of the wheel hub and engine combustion deck surfaces is a good future research topic. The limit of the tilt and shift and optimal percentage of the area of the overlapped region can also be investigated as a series of follow-up research for practical application of proposed hologram registration method. The measurement object was assumed to have the translational movement without rotation. A model to compensate for the object rotational error can be developed. Only two measurements are used for the hologram registration examples in this study. A more comprehensive program to register multiple holograms can be developed and the error propagation analysis can be conducted to further advance the capability of hologram registration for precision measurements.
